Reovirus-induced acute myocarditis in mice serves as a model to investigate non-immune-mediated mechanisms of viral myocarditis. We have used primary cardiac myocyte cultures infected with a large panel of myocarditic and nonmyocarditic reassortant reoviruses to identify determinants of viral myocarditic potential. Here, we report that while both myocarditic and nonmyocarditic reoviruses kill cardiac myocytes, viral myocarditic potential correlates with viral spread through cardiac myocyte cultures and with cumulative cell death. To address the role of secreted interferon (IFN), we added anti-IFN-␣/␤ antibody to infected cardiac myocyte cultures. Antibody benefited nonmyocarditic more than myocarditic virus spread (P < 0.001), and this benefit was associated with the reovirus M1 and L2 genes. There was no benefit for a differentiated skeletal muscle cell line culture (C2C12 cells), suggesting cell type specificity. IFN-␤ induction in reovirus-infected cardiac myocyte cultures correlated with viral myocarditic potential (P ‫؍‬ 0.006) and was associated with the reovirus M1, S2, and L2 genes. Sensitivity to the antiviral effects of IFN-␣/␤ added to cardiac myocyte cultures also correlated with viral myocarditic potential (P ‫؍‬ 0.004) and was associated with the same reovirus genes. Several reoviruses induced IFN-␤ levels discordant with their myocarditic phenotypes, and for those tested, sensitivity to IFN-␣/␤ compensated for the anomalous induction levels. Thus, the combination of induction of and sensitivity to IFN-␣/␤ is a determinant of reovirus myocarditic potential. Finally, a nonmyocarditic reovirus induced cardiac lesions in mice depleted of IFN-␣/␤, demonstrating that IFN-␣/␤ is a determinant of reovirus-induced myocarditis. This provides the first identification of reovirus genes associated with IFN induction and sensitivity and provides the first evidence that IFN-␤ can be a determinant of viral myocarditis and reovirus disease.
Acute myocarditis (1) has most likely occurred in more than 5% of the human population (69) . It is often fatal in infants, while in older individuals it can progress to dilated cardiomyopathy (36) . A wide variety of viruses have been implicated (35, 65) , but most research has focused on enteroviruses, responsible for 20 to 50% or more of human myocarditis (65) . While much evidence suggests that enterovirus-induced cardiac damage in mice is mediated predominantly by the immune response (10, 51, 69) , enteroviruses are cytopathic to murine cardiac myocytes (23) and they can induce myocarditis in mice lacking immune cells (8) . Moreover, in a large clinical trial immunosuppressive agents were not therapeutic (37) , indicating that the role of immune cells is complex. How do other viruses, responsible for 50% or more of human myocarditis, induce the disease? Little is known from human studies; however, in adenovirus-and human immunodeficiency virus-associated myocarditis, the extent of myocardial inflammation and damage does not correlate with the severity of cardiac dysfunction (13, 35) , suggesting that inflammatory cells may play a minimal or indirect role. Importantly, non-immune-mediated mechanisms of cardiac tissue damage remain largely unexplored.
Reovirus-induced acute viral myocarditis in mice is characterized by a mild inflammatory infiltrate with marked necrosis (22, 61, 62) , in contrast to the massive cellular infiltrate characteristic of the enterovirus-induced disease (49) . Indeed, reovirus induces myocarditis in SCID mice (60) and macrophage inflammatory protein-1␣ (MIP-1␣) knockout mice (61a), demonstrating that reovirus-induced myocarditis is not immune cell mediated. Reovirus therefore presents an ideal model for studying non-immune-mediated viral myocarditis. The reovirus genome is composed of 10 segments of doublestranded RNA (dsRNA), and with one exception, each gene segment encodes one protein (reviewed in reference 44). "Reassortant" viruses can be generated that contain mixtures of gene segments from two virus parents, and genetic analyses with reassortant viruses have been invaluable tools in identifying gene product functions. We have used genetic analyses to identify the determinants of reovirus-induced acute myocarditis and found that the M1 gene was implicated in every analysis while the L1 and L2 gene associations with disease varied among viruses (58, 59) . These three genes encode viral core proteins likely to form a structural unit involved in viral RNA synthesis in the core. Specifically, the L1-encoded 3 protein has a polymerase function (15, 63) and lies at the base of a pentameric channel formed by the L2-encoded 2 protein (16, 19, 40) , which is a guanylyl transferase (9, 34) . The M1-encoded 2 protein, which lies adjacent to 3 (19) , has been implicated in RNA synthesis in genetic analyses (11, 57, 70) and is an RNA-binding protein (7) associated with nucleoside triphosphatase activity (47) . Thus, the genetic analyses suggested that viral RNA synthesis in cardiac myocytes was likely to be involved in reovirus-induced myocarditis. Accordingly, we used our large panel of myocarditic and nonmyocarditic reassortant reoviruses to identify parameters of reovirus replication in primary cardiac myocyte cultures that correlate with viral myocarditic potential (57) . While RNA synthesis in cardiac myocytes correlated with viral myocarditic potential, the yield of infectious virus did not (57) . This suggested that some other consequence of viral RNA synthesis, such as cytokine response, was likely to be a determinant of the disease. One mechanism for this would be induction of interferon (IFN).
IFNs are divided into three classes (␣, ␤, and ␥) and are synthesized by specific types of cells as one of the first responses to viruses (reviewed in reference 68). IFN-␣ or -␤ is secreted, binds to cell receptors (the type I IFN-␣/␤ receptor), and, through a phosphorylation cascade, rapidly upregulates transcription of a large family of genes (IFN-responsive genes) that contain IFN-stimulated regulatory elements in their promoter regulatory regions (reviewed in reference 30). While IFN-␣/␤ induces transcription of multiple genes that have antiviral activities, three of these gene products remain latent until activated (directly or indirectly) by dsRNA (reviewed in reference 27). Specifically, the dsRNA-activated protein kinase (PKR [reviewed in reference 52]), 2Ј,5Ј-oligo(A) synthetase, and RNase L (activated by the 2Ј,5Ј-oligo(A) synthetase-generated oligomers, and thus indirectly activated by dsRNA) each remain latent until dsRNA is suitably presented. Thus, our previous demonstration that reovirus RNA synthesis in cardiac myocyte cultures correlates with viral myocarditic potential could reflect differential induction of IFN and/or differential activation of the IFN-induced antiviral proteins (i.e., differential sensitivity to IFN).
In the studies presented here, we have investigated whether reovirus-induced IFN is a determinant of myocarditic potential. Our results demonstrate that in cardiac myocyte cultures, nonmyocarditic viruses induce more IFN-␤ and are more sensitive to IFN-␣/␤ than myocarditic viruses and that both functions are associated with viral core proteins. Furthermore, a nonmyocarditic virus induces cardiac lesions in mice depleted of IFN-␣/␤. Thus, reovirus induction of and sensitivity to IFN-␤ are determinants of reovirus-induced myocarditis.
MATERIALS AND METHODS
Viruses and cells. All reovirus stocks (triply plaqued and passaged twice in mouse L cells) were characterized previously for their myocarditic phenotypes (58, 59) . Virus 8B is a reassortant virus derived from a mouse infected with the strains serotype 1 Lang (T1L) and serotype 3 Dearing (T3D) (59) . All other reassortant viruses (Fig. 1) were derived from mouse L cells infected with the indicated viruses (59) . Viruses EB121 and E3 are reassortant viruses derived from T1L and T3D. All EW-series reassortant viruses were derived from 8B and EB121, while all DB-series reassortant viruses were derived from EW60 and E3. Viral myocarditic potentials were determined by injecting 2 ϫ 10 5 to 2 ϫ 10 6 (58) and 4 ϫ 10 6 to 5 ϫ 10 7 (59) PFU into 2-day-old Cr:NIH(S) mice and examining their hearts for macroscopic lesions (gross myocarditis) at death or at 14 days postinjection (58, 59) .
Primary cardiac myocyte cultures were prepared as described previously (3). Briefly, Cr:NIH(S) term fetuses or 1-day-old neonates (National Cancer Institute) were sacrificed and the apical two-thirds of their hearts were minced and trypsinized. The cell suspension was plated on 6-well clusters and incubated at 37°C in 5% CO 2 to allow fibroblasts to adhere, at which time the nonadherent cells were removed to fresh 96-well clusters (myocyte cultures containing 5 to 15% fibroblasts as previously reported [3] ). The cultures were incubated in Dulbecco modified Eagle medium (Gibco BRL) supplemented with 7% fetal bovine serum (HyClone) (completed DMEM) and 0.06% thymidine.
C2C12 cells are a skeletal muscle cell line (ATCC CRL-1771 [6] ) maintained in completed DMEM (10% fetal bovine serum, 0.1% gentamycin). For differentiation, the cells were split 1:4 and plated at 10 4 per well of 96-well clusters. After 2 days the serum was lowered to 4%, and after 2 or 3 more days, more than 90% of the cells had differentiated into myotubes (by microscopic examination), which were used for infections, as for the cardiac myocyte cultures.
Infections and harvests. Two days after preparation of primary cardiac myocyte cultures, or when C2C12 cells were differentiated (see above), viable cells were counted (typically 2 ϫ 10 5 to 4 ϫ 10 5 per well in each case) and infected at a multiplicity of infection (MOI) of 0.1 or 5 PFU per cell in completed DMEM with 0.06% thymidine (myocytes only). Duplicate wells were infected with each virus, except when assayed by MTT (catalog no. M-5655; Sigma) (see below), in which case triplicate wells were infected. Cultures were incubated at 37°C in 5% CO 2 . If indicated, cultures (300 l before infection, 150 l after infection) were treated with one of the following reagents: 900 international reference units (3 l) of IFN-␣/␤ (catalog no. I-1258; Sigma) or control buffer (100 mM NaCl, 10 mM Tris [pH 7.4], 1 mM EDTA); for additional daily additions (see Fig. 6 panol was added to each well. After 15 min at room temperature, 100 l of H 2 O was added to each well and the optical density at 550 nm was determined on an automated microplate reader.
Plaque assays. Culture wells were frozen at Ϫ70°C, subjected to two additional freeze-thaw cycles, and then lysed in 0.5% Nonidet P-40. Virus titers were determined by plating serial dilutions on mouse L-cell monolayers, overlaying with agar, and staining with neutral red as previously described (57) .
IFN bioassay. Supernatants were removed from the culture wells and stored at Ϫ70°C until they were ready for assay. One-third of each culture well supernatant was assayed as follows, with commercial IFN-␣/␤ treated in parallel to generate standard curves for each assay. After diluting with MEM, reactions were acidified to pH 2 to 3 with 2 N HCl, incubated for 24 h at 4°C (to inactivate reovirus), and then neutralized with 2 N NaOH. Duplicate aliquots (equivalent to one-sixth culture well each) or control medium was added to 96-well clusters containing 100 l of completed MEM and seeded 24 h earlier with 4 ϫ 10 4 mouse L cells, and each sample was then serially twofold diluted five times. After 24 h of incubation at 37°C in 5% CO 2 , 4 ϫ 10 5 PFU of encephalomyocarditis virus in 50 l of completed MEM was added to each well. After 24 h of incubation at 37°C in 5% CO 2 , L-cell viability was determined by MTT assay as described above. IFN concentrations were calculated based on standard curves generated with commercial IFN-␣/␤.
IFN RT-PCR. RNA from infected cardiac myocyte cultures was harvested 20 h postinfection as previously described (57) with TriReagent (Molecular Research Center, Cincinnati, Ohio). Pooled RNA samples from duplicate culture wells were treated with RNase-free DNase, and then half of each sample was treated with DNase-free RNase (negative controls). Mouse L-cell DNA was used as a positive control. Samples were denatured in H 2 O at 70°C for 5 min, snap cooled on ice, and then incubated for 1 h at 42°C in a reverse transcription (RT) reaction mixture [10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 20 mM Tris (pH 8.8), 2 mM MgSO 4 , 0.1% Triton X-100, 1 mM dithiothreitol, 2.5 M oligo(dT), 1 mM each deoxynucleoside triphosphate, 0.5 U of RNA inhibitor/l, and 15 U of avian myoblastosis virus reverse transcriptase]. Each reaction mixture was divided into three aliquots for PCR. Primers for PCR were as follows. For IFN-␣, the known mouse IFN-␣ gene sequences (murine IFN-␣ 1 through 8) were aligned and nucleotide regions conserved among all sequences were identified to design an upstream primer (TCTCTCCTGCCTGAAGGAC; bases 147 to 165) and a downstream primer (TCCTCACAGCCAGCAGGG; bases 416 to 433) predicted to generate a 286-bp product. For IFN-␤, sequences were identified that had no homology with any of the IFN-␣ genes to design an upstream primer (TTCGGAAATGT CAGGAGCTC; bases 104 to 123) and a downstream primer (CTGCAACCAC CACTCATTCT; bases 633 to 654) predicted to generate a 550-bp product. For glyceraldehyde-3-phosphate dehydrogenase (G3PDH), the upstream primer (T CACCACCATGGAGAAGGC; bases 345 to 363) and downstream primer (CA AAGTTGTCATGGATGACC; bases 526 to 545) were predicted to generate a 200-bp product. In each case, the upstream primer was between 700 and 900 bases from the 3Ј end of the mRNA. PCR was conducted in 100 l of reaction mixture (1ϫ Taq DNA polymerase buffer, 1.5 mM MgCl 2 , 0.2 mM each deoxynucleoside triphosphate, 1 M each primer) overlaid with mineral oil and hot started with 1 l of Taq DNA polymerase. The reactions were incubated at 99°C for 2 min, 52°C for 1 min, and 72°C for 1 min and then were incubated for 35 cycles at 94°C for 1 min, 52°C for 1 min, and 72°C for 1 min. Reactions were completed with a 5-min incubation at 72°C, and then 10% was electrophoresed on a 3% NuSieve GTG agarose-1% agarose gel and visualized by ethidium bromide staining. RNase-treated samples (negative controls) generated no detectable products (data not shown), indicating that RT-PCR products were generated from RNA, not DNA, templates.
Mouse depletion of IFN-␣/␤, injection, and analysis. Two-day-old randomized litters of Cr:NIH(S) mice (National Cancer Institute) were injected intraperitoneally with 1,100 National Institutes of Health neutralizing units (20 l) of rabbit anti-mouse IFN-␣/␤ (see above) or control rabbit antibody. Six hours later, the mice were injected intramuscularly in the hindlimb with 20 l of MEM containing 2 ϫ 10 5 PFU of the nonmyocarditic reassortant reovirus DB188 (Fig. 1) . At 2 and 4 days postinjection, the mice were injected with anti-IFN-␣/␤ or control antibody as described above. At 7 days postinjection, the mice were sacrificed and their hearts were removed to 10% buffered formalin for sectioning and hematoxylin-eosin staining. Slides containing 27 to 30 sections from each heart were scored (by an observer with no knowledge of the heart source) for independent cardiac lesions (i.e., cardiac lesions found in consecutive sections were scored only once).
Statistical analysis. The nonparametric Kruskal-Wallis analysis, provided in Systat software (SPSS Federal Systems, Chicago, Ill.), was used. A P value less than or equal to 0.05 was considered significant.
RESULTS
Cumulative viral CPE in primary cardiac myocyte cultures correlates with viral myocarditic potential. When a panel of myocarditic and nonmyocarditic reassortant viruses was used to infect primary cardiac myocyte cultures at an MOI of 5 PFU per cell, cytopathic effect (CPE) at 3 days postinfection correlated with viral myocarditic potential (3) . Later experiments revealed that despite our using an MOI statistically sufficient to infect all of the cells, only a fraction of the cells were initially infected and additional cells were then infected by released progeny virus (57) . Thus, measurements made several days postinfection actually reflected both primary and secondary infections (secondary infections made possible perhaps by the high local concentration of virus generated from primary infections). To determine whether viral cytopathogenicity in primary infections alone is also a determinant of viral myocarditic potential, a panel of myocarditic and nonmyocarditic viruses was used to compare CPE in primary infections (at 20 h postinfection, sufficient for one cycle of replication [57] ) with CPE following spread to secondary infections (at 5 days postinfection). The results (Fig. 2) confirmed our initial observations that CPE following viral spread through the culture correlates with viral myocarditic potential (P ϭ 0.004). This CPE was associated with the viral M1 (P ϭ 0.004) and S1 (P ϭ 0.002) genes. In contrast, CPE in primary infections did not correlate with viral myocarditic potential (P Ͼ 0.05), despite evidence of varying CPE (killing 4 to 33% of the cells). This CPE was associated only with the S1 gene (P ϭ 0.001). Thus, both myocarditic and nonmyocarditic reoviruses kill cardiac myocytes but myocarditic reoviruses induce greater cumulative cell death, perhaps reflecting more efficient spread between myocytes.
IFN-␣/␤ is a determinant of viral spread between cardiac myocytes and correlates with viral myocarditic potential. In primary cardiac myocyte cultures, viral RNA synthesis during initial (primary) infections and viral spread and cumulative cell death correlate with viral myocarditic potential, irrespective of viral yield from the primary infections (57) and of cell death during the primary infections (above). One mechanism by which viral RNA synthesis can determine viral spread is by induction of IFN during primary infections, which would subsequently affect the efficiency of secondary infections. To test whether IFN was a determinant of viral spread, cardiac myocyte cultures were infected with a panel of viruses at an MOI of 0.1 PFU per cell, anti-IFN-␣/␤ antibody or control antibody was added, and viral yields were determined at 7 days postinfection (Fig. 3) . Viral replication in cultures receiving control antibody varied 3 logs between viruses (Fig. 3A) and correlated with the potential to induce myocarditis (P Ͻ 0.001), confirming our earlier observations (38, 58) . This replication was associated with the viral M1 (P Ͻ 0.001) and L2 (P ϭ 0.049) genes. Anti-IFN-␣/␤ antibody enhanced replication of every virus tested (Fig. 3A) , demonstrating that induced IFN was a determinant of replication and spread for every virus. The benefit from anti-IFN-␣/␤ antibody, however, varied 1,000-fold between viruses (Fig. 3B) and correlated with induction of myocarditis (P Ͻ 0.001) and the M1 (P Ͻ 0.001) and L2 (P ϭ 0.012) genes. To determine whether induced IFN inhibits reovirus spread in other types of cells, the experiment was repeated in a differentiated skeletal muscle cell line (C2C12 cells). In these differentiated muscle cells, viral yield in control cultures varied only 1.5 logs between viruses (6.4 to 8.1 log 10 PFU per well) and did not correlate with viral myocarditic potential (data not shown). The benefit from anti-IFN-␣/␤ antibody was maximally only threefold (Fig. 3B) , and the benefit did not correlate with viral myocarditic potential. Therefore, the role of IFN-␣/␤ in controlling reovirus spread is cell type specific, and in cardiac myocyte cultures, nonmyocarditic viruses induce more IFN-␣/␤ and/or are more sensitive to the antiviral effects of IFN-␣/␤ than myocarditic viruses are.
Nonmyocarditic viruses induce more IFN-␤ in infected cardiac myocyte cultures than myocarditic viruses do. To determine whether the anti-IFN-␣/␤ antibody benefit to viral spread reflected induction of IFN, cardiac myocyte cultures were infected with a panel of viruses at an MOI of 5 PFU per cell and culture supernatants were titered by bioassay at 10 and 20 h postinfection for IFN levels (Fig. 4) . At 10 h postinfection, 8 of 12 nonmyocarditic viruses had induced detectable levels of IFN while only 2 of 15 myocarditic viruses had done so, and the magnitude of IFN induction correlated with viral myocarditic potential (P ϭ 0.006). This IFN induction was associated with the M1 (P ϭ 0.040), S2 (P ϭ 0.004), and L2 (P ϭ 0.037) genes. At 20 h postinfection, 22 of the 27 viruses induced detectable IFN, and again, the magnitude of IFN induction correlated with viral myocarditic potential (P ϭ 0.007). This IFN induction was again associated with the M1 (P ϭ 0.038), S2 (P ϭ 0.012), and L2 (P ϭ 0.044) genes. Thus, nonmyocarditic viruses induced more IFN than myocarditic viruses did in cardiac myocyte cultures.
To distinguish between IFN-␣ and IFN-␤, cardiac myocyte cultures were mock infected or infected with each of three nonmyocarditic viruses that induced high (T3D and EW29) or low (DB93A) levels of IFN (Fig. 4) . RNA was harvested at 20 h postinfection for RT-PCR (Fig. 5) . IFN-␤ mRNA was amplified from each of the three infected cultures but not from the mock infection. In contrast, IFN-␣ mRNA was not amplified from any culture, despite the strong positive signal from a DNA control. The G3PDH mRNA, a control constitutively expressed gene, was amplified from all cultures, verifying the quality of the RNA harvests. Therefore, the IFN induced by nonmyocarditic viruses (Fig. 4) is IFN-␤.
Nonmyocarditic viruses are more sensitive to IFN-␣/␤ in infected cardiac myocyte cultures than myocarditic viruses are. In addition to the observed varying induction of IFN-␤, the anti-IFN-␣/␤ benefit to viral spread could reflect varying viral sensitivity to IFN-␤'s antiviral effects. To measure viral sensitivity to IFN-␣/␤'s antiviral effects, cardiac myocyte cultures were treated with IFN-␣/␤ or control buffer, infected 24 h later with a panel of viruses at an MOI of 5 PFU per cell, and titered for virus at 20 h postinfection. For every virus tested, pretreatment with IFN-␣/␤ decreased viral yield compared to control treatment, indicating that all viruses were sensitive to IFN-␣/␤'s antiviral effects. However, the IFN-␣/␤ inhibition of replication varied only 1 log between viruses (Fig. 6A) . Despite this narrow range, the degree of inhibition correlated with viral myocarditic potential (P ϭ 0.043) and was associated with the reovirus M1 gene (P ϭ 0.043). The experiment was repeated, but in order to amplify the effects of IFN-␣/␤, the infections were not harvested until 5 days postinfection to allow multiple rounds of infection through the culture. Because some viruses induced more IFN-␤ than others (Fig. 4) , the control-treated cultures received anti-IFN-␣/␤ antibody instead of buffer alone, so that IFN-␣/␤-treated cultures could be compared to cultures devoid of IFN. Again, IFN-␣/␤ treatment decreased viral yield and, as expected, did so to a greater extent than when measured at 20 h postinfection, although the inhibition varied only 1.7 logs between viruses. Again the degree of IFN-␣/␤ inhibition correlated with viral myocarditic potential (Fig.  6B ) (P ϭ 0.004), and was associated with the reovirus M1 and S2 genes (P ϭ 0.004 and 0.020, respectively). To further amplify the effects of IFN-␣/␤, an MOI of 0.1 PFU per cell was used, IFN-␣/␤ or anti-IFN-␣/␤ was added every day, and the cultures were not harvested until 7 days postinfection. Under these conditions, the degree of inhibition varied 4.5 logs between viruses (Fig. 6C ) and again correlated with the potential to induce myocarditis (P ϭ 0.006) and was associated with the reovirus M1 and L2 genes (P ϭ 0.006 and 0.013, respectively). The dramatic difference in IFN-␣/␤ effects at an MOI of 0.1 and harvested at 7 days (Fig. 6C) compared to an MOI of 5 harvested at 5 days (Fig. 6B) did not reflect differences in replication in the presence of anti-IFN-␣/␤ antibody (Fig. 7A ) but instead reflected differences in the effects of IFN-␣/␤ (Fig.  7B) . Replication following IFN-␣/␤ treatment was reduced as much as 6 logs under conditions of low MOI and longer incubation time (Fig. 7B) , presumably reflecting the cumulative effects of IFN inhibition of viral replication through multiple rounds of infection. Thus, in addition to inducing more IFN-␤ in cardiac myocyte cultures, nonmyocarditic viruses were also more sensitive to IFN-␣/␤'s antiviral effects in those cells than myocarditic viruses were.
A nonmyocarditic reovirus induces cardiac lesions in mice depleted of IFN-␣/␤. In order to determine directly whether IFN-␣/␤ is a determinant of reovirus-induced myocarditis in mice, neonates were injected with anti-IFN-␣/␤ or control antibody and challenged with a nonmyocarditic reassortant reovirus, DB188 (Fig. 1) . At 7 days postinjection, slides containing 27 to 30 cardiac sections per mouse were examined for independent lesions (i.e., cardiac lesions found in consecutive sections were scored only once). While none of the 86 sections from the three mice injected with control antibody contained a single cardiac lesion, each of the four mice injected with anti-IFN-␣/␤ antibody contained six to nine independent cardiac lesions ( Table 1 and Fig. 8) . Thus, IFN-␣/␤ is a determinant of reovirus myocarditic potential. Since the antibody neutralized an unknown fraction of IFN-␣/␤, and it is uncertain whether neutralization was uniform throughout the tissues (including the heart), it is likely that complete and uniform depletion would magnify the effects seen here.
DISCUSSION
Reovirus-induced acute myocarditis in mice serves as a model to investigate non-immune-mediated mechanisms of myocarditis. Previously, we demonstrated that reovirus RNA synthesis in cardiac myocytes correlates with viral myocarditic potential but that generation of infectious virus does not, suggesting that some other consequence of viral RNA synthesis determines disease. We demonstrate here that while both nonmyocarditic and myocarditic reoviruses can kill cardiac myocytes, viral spread through primary cardiac myocyte cultures and the resulting cumulative cell death correlate with viral myocarditic potential. Anti-IFN-␣/␤ antibody has a greater effect on the spread of nonmyocarditic than myocarditic reoviruses, and this is due to both increased induction of IFN-␤ and increased sensitivity to the antiviral effects evoked by IFN-␣/␤. Finally, a nonmyocarditic reovirus induces cardiac lesions in mice depleted of IFN-␣/␤, demonstrating directly that IFN is a determinant of reovirus-induced myocarditis. These results provide the first evidence that viruses induce IFN in cardiac myocyte cultures and that this IFN is a determinant of viral myocarditis.
We have shown here that both myocarditic and nonmyocarditic reoviruses can kill cardiac myocytes in culture (Fig. 2) . While we have not directly assayed for apoptosis, our previous electron microscopic studies of infected cardiac sections were consistent with necrosis alone (61) . Reovirus pathogenesis in the mouse has been well studied (66, 67) , and recent evidence has demonstrated that reoviruses can induce apoptosis in central nervous system cells (48) and in other cell types (50); we will directly address apoptosis in future investigations. This is a particularly intriguing possibility, given our previous evidence that viral RNA synthesis in cardiac myocytes correlates with viral myocarditic potential and the recent report that dsRNA in vaccinia virus-infected cells induces apoptosis (28) .
While both nonmyocarditic and myocarditic reoviruses kill cardiac myocytes, viral spread and the resulting cumulative cell death correlate with viral myocarditic potential (Fig. 2) . While this could have merely reflected efficiency of infection during the initial infections and/or yield of virus from the initial infections, we have shown that neither of those parameters correlates with viral myocarditic potential (57) . Instead, our previous evidence suggested that viral RNA synthesis in the initial infections determines spread and viral myocarditic potential (57) , consistent with a model where reovirus-induced IFN in initial infections controlled the spread of the virus to neighboring cells. Indeed, in the present study we found that in cardiac myocyte cultures, anti-IFN-␣/␤ antibody had a greater effect on the spread of nonmyocarditic reoviruses than myocarditic reoviruses (Fig. 3A) . Interestingly, anti-IFN-␣/␤ had little effect on virus spread in the C2C12 differentiated skeletal muscle cell culture (Fig. 3B) . The range of viral yields from control treated C2C12 cells was similar to that in anti-IFN-␣/␤ antibody-treated cardiac myocyte cultures, suggesting that virus spread through C2C12 cell cultures occurred as if in the absence of IFN. We are currently investigating whether this reovirus behavior in C2C12 cells reflects failure to induce IFN, resistance to IFN, or both.
Using a bioassay (Fig. 4) and RT-PCR (Fig. 5) , we demonstrated that nonmyocarditic reoviruses induced more IFN-␤ than myocarditic reoviruses did in cardiac myocyte cultures. Several nonmyocarditic viruses induced less IFN than would be expected (DB93A, DB93B, DB188, EW27, EW46, and EW116) given the overall correlation between high IFN induction and low myocarditic potential. Five of those six viruses were tested for sensitivity to the antiviral effects of IFN (Fig. 6 ) (DB93B was not tested). Of those five, four were among the most IFN sensitive of the 27 viruses tested. The remaining virus (EW46) was the most sensitive under one set of conditions (Fig. 6A) , was intermediate under another set (Fig. 6B ), and was not tested in the third set (Fig. 6C) . Thus, while some nonmyocarditic reoviruses may induce only moderate levels of IFN, their marked sensitivity to IFN apparently compensates to control virus spread and myocarditis. Two myocarditic reoviruses (EW25 and 8B) induced more IFN than would be expected; the IFN sensitivity of one (8B) was tested (Fig. 6) , and it was among the least IFN sensitive of the 27 viruses tested. Thus, resistance to IFN can also compensate for IFN induction to determine virus spread and myocarditis. Reoviruses have been shown to induce IFN in several cell lines (18, 29, 33) , but reovirus induction of IFN in differentiated cells or primary Following DNase treatment, cDNAs were generated with oligo(dT) and PCR amplification was performed with primer pairs specific for IFN-␣, IFN-␤, and G3PDH genes. One RT-PCR sample contained no RNA template (negative control), and one sample contained mouse DNA (positive control). Samples (10%) were electrophoresed and ethidium bromide stained. Control samples that were RNase treated before RT-PCR generated no bands (data not shown). MW, molecular weight standards.
cell cultures has not previously been investigated. Indeed, IFN induction in cardiac myocyte cultures has not been investigated previously for any viruses. IFN-␤ transcription is stimulated by a number of viruses and by dsRNA and is controlled by a complex panel of positive and negative regulatory factors (reviewed in reference 24). We are currently investigating the role of several regulatory factors in reovirus induction of IFN in cardiac myocyte cultures.
Using three different infection conditions, we found that nonmyocarditic reoviruses were more sensitive to IFN-␣/␤ added to cardiac myocyte cultures than myocarditic reoviruses were (Fig. 6) . Reoviruses are sensitive to IFN treatment in many cell types. As described in the introduction, PKR, 2Ј,5Ј-oligo(A) synthetase, and RNase L are all induced by IFN but are only activated (directly or indirectly) in the presence of dsRNA (27) , which is stimulatory even when provided only as a local secondary structure in single-stranded RNA. Reoviruses activate PKR in fibroblast cell lines, resulting in phosphorylation of the ␣ subunit of eukaryotic initiation factor 2 and inhibition of host protein synthesis (21, 25, 32) . While many studies have demonstrated that PKR activation can inhibit viral replication, including reovirus replication (12, 41, 45, 54) , 2Ј,5Ј-oligo(A) synthetase can be critical to the IFN-induced antiviral state and the anti-reoviral state as well (2, 46) . The relative importance of each of these effectors to the antiviral effect is virus strain specific and cell specific. For example, IFN-␤ treatment of mouse L929 cells inhibits reovirus strain Dearing replication more than it does reovirus strain Lang replication (26) . While PKR mediates the antiviral effect in mouse L929 cells (5, 53) , IFN-␤ can inhibit reovirus replication in other mouse cell lines without concomitant elevation of PKR activity (31) and IFN treatment of HeLa cells results in RNase L-mediated cleavage of reovirus RNA (2, 46) . We are currently investigating the mediators of reovirus sensitivity to IFN in cardiac myocyte cultures.
Both induction of and sensitivity to IFN-␤ in cardiac myocyte cultures were associated with the viral M1, S2, and L2 genes (Fig. 4 and 6) . The M1-encoded 2 protein is an RNAbinding protein, the L2-encoded 2 protein is a guanylyl transferase, and both proteins are found at the icosahedral vertices of the core in a complex that likely functions in core viral RNA synthesis (see the introduction). The S2-encoded 2 protein is an abundant core protein (reviewed in reference 44) with no known function, but which has limited homology with an Escherichia coli RNA polymerase (14) . Together, the data are con- sistent with a mechanism where reovirus RNA synthesis determines both induction of IFN-␤ and sensitivity to IFN-␣/␤. In our studies of viral RNA synthesis in cardiac myocyte cultures (57) , however, we found that myocarditic reoviruses generate single-stranded RNA and dsRNA faster than nonmyocarditic viruses. Those results are inconsistent with a mechanism where the rate of reovirus dsRNA synthesis directly determines induction of and sensitivity to IFN. An alternative explanation is that the rate of reovirus synthesis determines the availability of reovirus mRNA for translation and that the latter determines reovirus induction of and sensitivity to IFN. Indeed, the reovirus S4-encoded 3 protein inhibits PKR, a mediator of the antiviral effects of IFN. Specifically, genetic analyses have identified the reovirus S4 gene as determining the level of inhibition of host protein synthesis (56) , and multiple studies have demonstrated that 3 can bind dsRNA to abrogate activation of PKR (4, 25, 32) and therefore abrogate phosphorylation of the ␣ subunit of eukaryotic initiation factor 2 and inhibition of protein synthesis. The association of 3 with the M2-encoded 1c protein inhibits 3 binding to dsRNA, and consequently 3-1c association is also a determinant of PKR activation and inhibition of protein synthesis (55, 71) . Given these 3 and 1c functions, why weren't the S4 and M2 genes identified as determinants of reovirus induction of and sensitivity to IFN in our genetic analyses? One likely explanation is that the 3 proteins encoded by the T1L-and T3D-derived S4 genes function quite similarly to each other in inhibition of protein synthesis compared to the 3 proteins from other reovirus strains (55) , and thus a genetic analysis of these two alleles would not identify them as determinants of the degree of inhibition of protein synthesis. Thus, while previous studies have implicated particular reovirus proteins (3 and 1c) in regulating cell functions that are activated by dsRNA, our results suggest that the kinetics of reovirus protein synthesis (as determined by viral RNA synthesis kinetics) are also important determinants of these cell functions. Indeed, our results are completely consistent with previous evidence that the degree of inhibition of FIG. 8 . A nonmyocarditic reovirus induces cardiac lesions in mice depleted of IFN-␣/␤. Neonatal mice were injected with anti-IFN-␣/␤ antibody or control antibody and then challenged with the nonmyocarditic reassortant reovirus DB188 (Fig. 1) . Following two more antibody injections, mice were sacrificed at 7 days postinjection with virus and cardiac sections were hematoxylin and eosin stained (results are summarized in Table 1 ). The photograph represents a typical lesion observed in mice injected with anti-IFN-␣/␤ antibody (magnification, ϫ80). While an inflammatory infiltrate is evident in the necrotic region (arrow), our previous investigations (60) suggest that this mediates protection rather than damage. RV, right ventricular chamber; BV, blood vessel. Fig. 8 ), demonstrating directly that IFN-␣/␤ is a determinant of reovirus-induced myocarditis. In many virus systems, IFN-␣/␤ plays a critical role in determining survival of the infected host, as demonstrated with anti-IFN-␣/␤ antiserum (20) and, more recently, knockout mice that eliminate IFN activity (17, 39, 42, 64) . Currently, we are using IFN-␣/␤ receptor knockout mice to continue our investigations of the role of IFN-␣/␤ in reovirus-induced myocarditis.
